Beta oscillations are associated with motor function and are thought to play a role in movement 43 impairment. In a recent magnetoencephalography (MEG) study, Rossiter et al. (2014) found a 44 disruption in the modulation of movement-related beta oscillations in stroke patients that 45 correlated with motor impairment. We discuss how beta oscillatory measures characterize motor 46 impairment, the implications of stroke variability, and the potential role of GABA in modulating 47
Neuronal oscillations, which reflect the synchronized activity of large populations of 64 neurons, have been implicated in brain function and behaviour. Generally, oscillations enable the 65 temporal control of neuronal firing and underlie communication within local and between distant 66 brain areas. Distinct processes and functions have been attributed to oscillations within several 67 frequency bands. 68
Oscillations in the beta frequency band (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) are particularly relevant to motor 69 function and behaviour. In the primary sensorimotor cortex and other motor areas, beta activity is 70 observed at rest and is modulated by voluntary movement (Engel and Fries 2010; Pfurtscheller 71 and Lopes da Silva 1999). During movement preparation and prior to movement initiation, a 72 decrease in beta power originates in the primary sensorimotor cortex contralateral to movement. 73
This movement-related beta desynchronization (MRBD) is followed by a post-movement beta 74 rebound (PMBR) where beta power increases above baseline levels. MRBD is related to neural 75 activation and movement preparation and execution, while PMBR is associated with sensory 76 feedback or neural deactivation that inhibits movement. 77
The prominence of beta oscillations in normal movement suggests that this activity may 78 be disrupted with motor impairment and damage to brain areas involved in motor control. 79
Investigating pathological changes to oscillatory dynamics in patients with motor impairment 80 can provide insight into the neurophysiological mechanisms for normal motor control and lead to 81 therapeutic interventions. Stroke is a leading cause of physical disability and impairment in 82 motor control, but its relation to beta activity is poorly understood. 83
In a recent issue of the Journal of Neurophysiology, Rossiter et al. (2014) used 84 magnetoencephalography (MEG) to examine beta activity in primary motor cortex (M1) during 85 unilateral movement in stroke patients and healthy participants. The authors hypothesized that 86 4 beta oscillations would be affected by stroke both at rest and during movement and that greater 87 motor impairment would correlate with reduced modulation of beta oscillations. MEG signals 88 were recorded while 25 stroke patients and 32 healthy participants performed a hand grip task. In 89 this task, patients and healthy participants were cued to isometrically grip a manipulandum using 90 their affected hand or dominant hand, respectively, by the appearance of a 'force thermometer,' 91 which displayed continuous visual feedback about the force exerted. On each trial, participants 92 maintained grip at a target force of 30% of their maximum grip strength (obtained prior to 93 scanning) for 3 s. 94
The main finding was that MRBD was significantly reduced in stroke patients compared 95 to healthy participants in the M1 contralateral to movement (ipsilesional). For the patient group, 96 MRBD in contralateral M1 was also negatively correlated with motor impairment. The 97 secondary result of this study involved the MRBD ratio, calculated as the MRBD in contralateral 98 M1 divided by the MRBD in ipsilateral M1, which was used to compare MRBD across the two 99 hemispheres. This ratio was lower in patients compared to participants and negatively correlated 100 with the degree of impairment experienced by patients. In other words, MRBD was more 101 consistent across hemispheres in patients with greater impairment. 102 Taken together, Rossiter et al. (2014) suggested that MRBD in contralateral M1 may play 103 a role in the impairment of motor control following stroke. The authors also suggested that 104 diminished MRBD may reflect changes in excitation and inhibition via altered levels of γ-105 aminobutyric acid (GABA) and experience-dependent plasticity during stroke recovery. In this 106
Neuro Forum article, we comment on how different oscillatory measures characterize motor 107 impairment, discuss the implications of variability in stroke, and expand on the possible role of 108 GABA in modulating oscillatory changes after stroke. 109 5 110
Beta oscillations and motor impairment 111
The study by Rossiter et al. (2014) establishes an important association between beta 112 oscillations and motor impairment following stroke. By examining the peak frequency and 113 amplitude of beta oscillations at baseline and during the MRBD, they showed that MRBD was 114 affected by stroke. This finding presents questions regarding additional parameters related to 115 beta oscillations, which we hypothesize will further characterize and clarify the effects of stroke 116 on impairments of motor control. For example, another possible conclusion from the reduction in 117 MRBD with stroke is that stroke increases variability in the latency of the MRBD. If MRBD 118 onset, maximum value, or return to baseline occur at different time points across trials, then the 119 averaged time course will be longer in duration with lower values at each time point and the 120 average amplitude of the MRBD time course will be lower. The MRBD differences found in 121 stroke suggest that further analysis may reveal additional implications of stroke, especially on the 122 timing of cortical oscillations. Consequently, a measure such as the area above the MRBD curve 123 may provide additional information worthy of investigation, as it accounts for the width of the 124 MRBD time course and is therefore more robust to differences in variability. 125
In addition to the MRBD, which begins before movement onset and is thought to be 126 involved in movement preparation (Cheyne et al. 2012), we hypothesize that brain activity that 127 occurs after movement onset, especially the PMBR, may be affected by stroke and be crucial for 128 stroke recovery. Somatosensory loss after stroke is common and sensory feedback mechanisms 129 are known to be important for motor control and the recovery of function. A recent MEG study 130 found that patients with acute stroke had reduced PMBR following tactile finger stimulation 131 compared to healthy participants, and that PMBR was correlated with hand function (Laaksonen 132 6 et al., 2012) . Thus, potential deficits in sensory feedback following movement in stroke patients 133 may be reflected by the PMBR. 134
Alternatively, the PMBR is associated with sustained contractions and holding periods 135 following movement (Engel and Fries 2010) and we hypothesize that it may reflect the ability of 136 stroke patients to maintain grip. In particular, Rossiter et al. (2014) Arm Test (ATAT). While grip strength was not found to account for changes in MRBD, greater 140 motor impairment measured using PCA was associated with less MRBD in contralateral M1. 141
The absence of a relationship between grip strength and MRBD could be related to the tasks and 142 beta parameters used. The NHPT and ARAT involve a series of movements whereas maximal 143 grip strength involves a sustained contraction. While motor impairment measured by the PCA 144 score may be sufficiently reflected by the MRBD, which occurs before movement onset, we 145 hypothesize that a relationship may exist between impairment measured by grip strength and the 146 PMBR, which is associated with sustained muscle contractions. Future studies investigating the 147 PMBR may provide critical insight into the functional significance of oscillations in motor 148 control. 149 150
Implications of stroke variability 151
For strokes with unilateral motor impairment, current functional magnetic resonance 152 imaging (fMRI) literature indicates that there is widespread and bilateral neural activation across 153 the motor system that is proportional to the degree of impairment (Ward et al. 2013) . Poor motor 154 performance is associated with less M1 activation in the contralateral hemisphere, and bilateral 155 7 activation decreases over time with recovery. These findings suggest the presence of 156 compensatory mechanisms in the ipsilateral hemisphere following stroke, and that recovery may 157 be associated with reduced compensation in the ipsilateral hemisphere and improved function in 158 the contralateral hemisphere. 159
The finding by Rossiter et al. (2014) that contralateral MRBD in patients is negatively 160 correlated with motor impairment is an important result that supports the relationship between 161 the fMRI blood oxygen level-dependent (BOLD) signal, cortical oscillations as measured by 162 electroencephalography and MEG, and behaviour, despite differences in primary measure and 163 temporal resolution between the imaging modalities. However, no significant differences from 164 healthy participants or correlations with impairment were found in the ipsilateral M1. 165
Consequently, the correlation of MRBD ratio with motor impairment had to be driven by MRBD 166 in the contralateral M1 rather than by MRBD in the ipsilateral M1. Indeed, a smaller β-value for 167 the MRBD ratio correlation with impairment (β = 0.42) compared to the contralateral MRBD 168 correlation with impairment (β = -0.52) indicates a dampening of the correlation when ipsilateral 169 activity is included compared to contralateral activity alone. The absence of a relationship 170 between ipsilateral M1 and the degree of impairment is contrary to fMRI studies that find 171 bilateral M1 activation. We hypothesize that this null result may be explained by variability in 172 the patient group studied. Indeed, heterogeneity in stroke recovery and compensatory 173 mechanisms can be ascribed to patient variability in degree of impairment, time since stroke, 174 lesion location, and lesion size (Di Pino et al. 2014 ). 175 Rossiter et al. (2014 addressed patient variability and found that time since stroke and 176 patient age did not influence variability in beta parameters. In addition to these two factors, 177 lesion location and lesion size are critical predictors of impairment and recovery. While Table 1  178   8 in Rossiter et al. (2014) indicates different lesion locations across patients, all lesions were 179 grouped together for analyses and may have contributed to patient variability. It is important to 180 note that a larger patient population may be required to investigate location or size-specific 181 effects on M1 beta oscillations. For example, damage to the contralateral premotor cortex or 182 supplementary motor area, which can compensate for lost motor function, or damage to hub 183 regions that participate in multiple brain systems, such as the posterior medial frontal gyrus or 184 dorsomedial prefrontal cortex, have been shown to produce more severe impairments than 185 lesions at other locations (Di Pino et al. 2014; Warren et al. 2014) The reduction in MRBD with stroke and its correlation with motor impairment have 201 implications for understanding the mechanisms that underlie stroke recovery. Rossiter et al. 202 (2014) briefly suggested that changes in oscillatory activity in patients may reflect excitatory and 203 inhibitory processes involving GABA, and experience-dependent plasticity. Here, we expand on 204 their discussion on the relationship between beta oscillations, GABA, stroke, and post-stroke 205 recovery. 206
Indeed, increased GABA has been found to enhance MRBD in M1 in healthy participants 207 (Muthukumaraswamy et al. 2012; Hall et al. 2011 ). Hall et al. (2011 GABA A receptor modulator that increases GABAergic drive, and concluded that MRBD is a 209 GABA A mediated process. Muthukumaraswamy et al. (2012) used tiagabine, a GABA reuptake 210 inhibitor that increases synaptic levels of GABA, and found enhanced MRBD but reduced 211 PMBR. This suggested that PMBR may be mediated by a different receptor, GABA B . These 212 studies show that different aspects of movement-related beta oscillations may be variably 213 affected by endogenous GABA levels due to the involvement of two different receptors. The 214 reduced MRBD observed by Rossiter et al. (2014) indicates that stroke may affect GABA A 215 receptors or lower synaptic levels of GABA. 216 Accordingly, the time period immediately following stroke is characterized by a decrease 217 in GABA A and GABA B mediated inhibition (Di Pino et al. 2014) . A decrease in GABA A receptor 218 expression could mediate the reduced MRBD observed following stroke in Rossiter et al. (2014) . 219 Furthermore, patients assessed 3-12 months following stroke were found to have decreased 220 GABA levels in M1 compared to healthy participants (Blicher et al. 2014) . This is consistent 221 with findings from Rossiter et al. (2014) and importantly supports a link between GABA and 222 MRBD changes following stroke. 223 10 During stroke recovery, GABA levels may have a biphasic effect. Blicher et al. (2014) 224 found that decreased GABA was associated with greater improvement in motor function during 225 rehabilitation. This is consistent with acute decreases in GABA levels in healthy individuals that 226 facilitate motor learning and neural plasticity (Stagg et al. 2011 ). In contrast, Rossiter et al. 227 (2014 found that better motor function correlated with greater MRBD, which may be driven by 228 chronically increased GABA (Muthukumaraswamy et al. 2012; Hall et al. 2011) . It is possible 229 that acute GABA decreases during motor learning may facilitate long-term increases in GABA 230 levels to a pre-stroke state during recovery. In this case, MRBD would reflect the overall 231 excitatory/inhibitory state of M1 and recovery in terms of level of impairment. As such, different 232 measures of beta oscillations may be better associated with acute changes in GABA during 233 motor learning. Future studies investigating different beta measures and the contributions of 234 different GABA receptors to oscillation generation and motor learning could provide a better 235 understanding of how beta oscillations relate to plasticity and stroke recovery. 236 237
Conclusion 238
Although the modulation of beta oscillations in primary sensorimotor cortex is 239 prominently associated with voluntary movement and normal motor control, how these 240 oscillations are disrupted with motor impairment and brain damage is poorly understood. The 
